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The adsorption of hydrogen, oxygen atoms and hydroxyl group on a diamond (111)-(1×1) surfaces are 
investigated by a molecular orbital method based on the density functional theory. The potential energy for H, O 
and OH on a flat surface and a surface with monoatomic step are studied. The oxygen adatom is found to have 
much lower energy barrier for migration. On the basis of the variations of potential energy, surface diffusion 
coefficients of adatoms are calculated. The potential energy for the O adatom is much lowered near the step 
edge.  It is suggested that the oxygen atoms adsorbed on diamond (111) surface favor to be trapped near an 
atomic step after migration. The relaxation of the stepped surfaces with H adatom, O adatom, OH group as well 




Diamond is a promising candidate for future 
semiconductor applications, the knowledge and 
understanding of its surface properties are important. It 
exhibit outstanding properties such as high thermal 
conductivity, large breakdown voltage, high carrier 
mobilities, excellent optical transparency, as well as 
chemical inertness. Nowadays, the chemical vapor 
deposition (CVD) is the main method to grow diamond 
film. In the epitaxitial growth of diamond, three low-
index faces, (111), (110) and (100), are the main 
orientations. Among the three orientations, (111) surface 
is of particular interest because the formation of 
atomically flat surfaces has been realized by utilizing a 
lateral growth mode on the (111) face. [1]  
The most common species that terminate diamond 
surfaces are hydrogen- (H) and oxygen-related species 
(e.g., O and OH groups). It has been shown that 
hydrogenated diamond surfaces can preserve its unique p-
type surface conductivity and exhibit significant negative 
electron affinity. On the other hand, oxygenated surfaces 
show no surface conductivity and shift the electron 
affinity from negative to positive. These effects of 
hydrogen and oxygen to modify the surface properties of 
diamond are very attractive for use in electronic 
applications such as Schottky diodes, field effect 
transistors and pH sensors. Also, adsorbed oxygen atoms 
on diamond surfaces have also been known to make them 
hydrophilic while hydrogenated surfaces are hydrophobic. 
The interaction of oxygen and hydrogen on diamond 
surfaces becomes an important issue for both diamond 
technology and surface science study. However, their 
behaviors on diamond surfaces seem not to be understood 
enough. In this paper, the potential energies for neutral H 
and O atoms and OH group on a flat and stepped diamond 
(111)-(1×1) surface are investigated by a molecular 
orbital method [2] based on the density functional theory 
(DFT) in order to clarify the static aspects for the 
interaction between those adatom and the surface. Two-
dimensional profiles of the potential energy for hydrogen, 
oxygen atoms and OH group are presented. The behaviors 
of surface diffusion and the influence of atomic steps are 
discussed. 
2. Computational Details  
Flat and stepped diamond (111) surfaces were 
modeled by C46H39 and C68H47 clusters, respectively, 
whose C-atom networks have a lattice structure of 
diamond. In Fig. 1, those clusters are depicted by ball-
and-stick models. The C46H39 cluster as a model for flat 
surface consists of two (111) bilayers, and the C68H47 
cluster as a model for the stepped surface consists of three 
(111) bilayers. The clusters have a bare (111) surface on 
the top face, and hydrogen-terminated bottom and side 
face. The hydrogen termination was made in order to 
saturate the dangling bonds and to maintain the 
tetrahedral coordination of C atoms. The C atoms denoted 
by black circles in Fig. 1 construct the topmost layer of 
diamond (111) flat surface, where we define z = 0 Å. The 
interatomic C–C distances were set at 1.54 Å and bond 
angles at 109.5° in accordance with the tetrahedrally 
coordinated structure. The C–H distance was 1.07 Å.  All 
the C and H atoms were fixed for the subsequent 
computations. 
The calculations were performed with the ORCA 
software package. [3] Spin-polarized DFT calculations 
employed the Becke-Perdew BP86 exchange-correlation 
functionals with generalized gradient approximation. The 
Ahlrichs’ split-valence basis set called def2 SVP, which 
includes polarization functions for all kind of atoms, was 
used. The total energy of the cluster/adatoms system was 
self-consistently determined by the spin-unrestricted 
Kohn-Sham method. The resolution of the identity (RI) 
approximation was used in conjunction with the def2-




H, O adatoms and OH group were evaluated by placing 
the adatom/species above the (111) bare surface of the 
cluster, and by calculating the self-consistent-field total 







Fig. 1. Side view (upper) and top view (lower) of (a) C46H39 cluster 
used for the calculation in a flat (111) surface and (b) C68H47 cluster 
used for the calculation in a stepped (111) surface. Gray-colored 
area indicates the area that potential energy was calculated. 
 
3. Results and discussion 
3.1 Flat surface  
Figure 2 shows the contour plot of the potential 
energy variation, which is obtained by moving an H atom, 
O atom and OH group within the planes of z = 1.11 Å, z = 
1.33 Å and z = 1.42 Å, respectively, on the flat (111) 
surface. These values of z correspond to the length of C–
H, C–O and C–OH bonds, and were determined by the 
calculations searching equilibrium bond lengths. In the 
three cases of H atom, O atom and OH group, the 
minimum of the total energy was obtained when the 
adatom was located just above the topmost threefold C 
atoms that have a dangling bond in each atom. The values 
of bond lengths of   C–H, C–O and C–OH bonds and the 
location of minimum energy, are in good agreement with 
previous studies for H atom, O atom and OH group on the 
flat (111) surface. [4-9] 
From the result shown in Fig. 2, the minimal energy 
barrier heights EA for migrating between adjacent 
threefold C atoms were calculated to be 2.98 eV, 1.42 eV 
and 4.09 eV for H, O atoms and OH group, respectively. 
These values of EA were evaluated as the difference 
between the energy at the site of minimum energy and the 
energy at the saddle point between the adjacent topmost C 
sites. 
The value of EA = 1.42 eV for O adatom obtained in the 
present study was considerably the lower compared with 
than that for H adatoms and OH groups. We consider that 
these results are due to the divalent nature of neutral O 
atom. After a careful analysis of the volumetric data of 
spin density distribution, it was found that the O adatom 
at the midpoint (bridging position) of two C dangling 
bond sites terminates the two dangling bonds almost 
completely. Whereas, the H adatom and OH group at the 
same position does not cancel the C dangling bonds so 
efficiently because of its monovalent nature. In general, 
since the unpaired electrons of dangling bonds have 
higher energy than bonding electrons, the total energy of 
the system should be lowered. Therefore, it could be 






















Fig. 2. Dependence of the total energy on the position of the (a) H 
adatom on flat surface at z = 1.11 Å, (b) O adatom on flat surface at 
z = 1.33 Å, and (a) OH group on flat surface at z = 1.42 Å The 
represented area corresponds to the gray rectangle shown in Fig. 1 























































































efficient termination of the two C dangling bonds in their 
migrating pathways. 
3.2 Stepped surface 
In order to compare the stepped surface with flat 
surface, the heights of H adatom, O adatom and OH group 
on stepped surface were fixed to 1.11 Å, 1.33 Å and 1.42 
Å, respectively, that is, the same z value as those of the 
calculations for the flat surface. The contour plots of the 
potential energy near the step edge were obtained as a 
function of position on the lower terrace of the step.  
It was found that the minima of the potential energy 
appear in the vicinity of the position just above the 
threefold C atom, as well as those for the flat surface. 
Figure 3 shows the variation of potential energy for H, O 
adatoms and OH group with respect to their position 
along x axis at y = 0.0 Å for flat and stepped (111) 
surfaces. The each curve in Fig. 3 was conformed in the 
side far from the step edge in order to clarify the 
difference near 
the step. At stepped (111) surface, the potential energy 
above threefold C site close to the step increases by ~0.7 
eV for the H adatom, whereas it decreases by ~2.6 eV for 
the O adatom, in comparison with those in the flat surface. 
This means that the O adatom adsorbed on diamond (111) 
surface favor to be trapped near an atomic step after 
migration at high temperatures. These differences in 
behavior between the H and O adatoms can be understood 
from the viewpoint of their valences. The divalent O atom 
located near the step edge interacts with not only the C 
dangling bonds on the lower terrace but also that 
protruded from the step edge. As for H adatom, the C 
dangling bond at the step edge would bring about a 
repulsive Coulomb force that increases the total energy of 
the system. 
In the case of the OH group, there is not much 
difference in the minimum of the total energy between 
flat surface and near the step. The potential energy above 
threefold C site close to the step decreases by ~0.17 eV in 
comparison with those in the flat surface.  
3.3 Relaxed structure of stepped surfaces 
The relaxed surface structure was investigated by 
performing structural optimization for the diamond cluster 
with presence of H and O adatoms and an OH group on 
diamond surface as well as for bare stepped surface. All 
atomic layers were allowed to relax, except the bottom 
three layers were fixed at their bulk position. For H atom, 
after relaxation, it was found that the most stable site for 
H atom on stepped model is point B (as shown in Fig.4 
where carbon atom is located at the step edge. C-–H bond 
length was 1.104 Å which was a little shorter than that at 
flat surface (1.11 Å). C–C−H angle was about 113.7˚. 
Hydrogen atoms interact with the stepped surface carbon 
atoms to form single C–H bonds. Energy barrier for H 
migration on stepped C(111) surface to an adjacent step-
edge C atom was 2.66 eV. 
For O atom, the most stable site for O atom after 
relaxation is located also at the step edge, B site (Fig.3(b)). 











































Fig. 3. Energy dependence along x axis at y=0.0 Å for (a) H adatom 
at z = 1.11 Å, (b) O adatom at z = 1.33 Å, and (c) OH group at z = 







Fig. 4. Relaxed stepped 111 surface with H adatom  bonded to step-
edge C atom. 
 
bond, O atom forms double bond with carbon atom at 
point B. C=O bond length was 1.22 Å which is a little 
shorter than C−O bond length at flat surface, and C=O 
angle was 123.1˚. The minimall energy barrier for O 
migration on stepped C (111) surface was found to be 
3.83 eV. The high barrier for migration prevents an 
adsorbed O atom to move more or less freely over the 
surface. This high barrier can be explained by the increase 
in C=O bond degree (double bond) compared to C−O 
bond degree (single bond) on flat surface. Hence, this 
result indicate an almost identical probability for 
desorption and migration of O atom to occur when energy 
is supplied to the system, for example, in the form of an 
increased temperature. In the case of OH group on 
steeped surface after relaxation, C−OH bond length is 
1.39 Å and C−OH angle is113.9 º.   
As we mentioned before, the carbon atom located at 
the step edge has two dangling bonds. In the relaxed 
cluster, it was observed that the carbon atoms at the step 
edge, which are bonded to with H adatom or OH group, 
reconstructed to lower the surface energy, as shown in fig. 
4. In the case of O adatom bonded to step-edge carbon 
atom, these carbon atoms didn’t reconstructed because O 




We have studied the potential energy for H, O 
adatoms and OH group on diamond (111)-(1×1) flat and 
stepped surfaces. For flat surface, the most stable site was 
found to be the on-top site for H atom, O atom and OH 
group. For H adatom, it can diffuse on flat surface by  
migrating from on-top site to another and reaches the step 
region. The total energy of the system becomes lower 
near the step. For O adatom, it can diffuse on flat surface 
more easily than H adatom with a lower activation barrier 
and reaches near the step region. Also, the total energy of 
the system is lower near the step. But, the O adatom is 
much more likely to fall into the well at on-top site near 
the step, than to continue to the edge of the step. For OH 
group, it is difficult to diffuse on flat surface by migrating 
from On-top site to another because of the high energy 
barrier. The relaxed stepped surface was studied. It was 
observed that the stepped surface with H adatom forms a 




[1] N. Tokuda, T. Makino, T. Inokuma and S. 
Yamasaki: Jpn. J. Appl. Phys. 51 (2012) 090107. 
[2] W. J. Hehre, R. F. Stewart and J. A. Pople: J. Chem. 
Phys. 51 (1969) 2657.  
[3] F. Neese: ORCA - An ab initio, Density Functional 
and Semi-empirical Program Package, version 2.8; 
University of Bonn: Bonn, Germany, 2010.  
[4] X. Zhu and S.G. Louie: Phys. Rev. B 45 (1992) 
3940.  
[5] R. Stumpf and P.M. Marcus: Phys. Rev. B 47 
(1993) 16016.  
[6] K. P. Loh, X. N. Xie, S. W. Yang and J. C. Zheng: 
J. Phys. Chem. B 106 (2002) 5230. 
[7] X. Y. Chang, D. L. Thompson, and L. M. Raff: J. 
Chem. Phys. 100 (1994) 1765. 
[8] K. Larsson and J.-O. Carlsson: Phys. Rev. B 59 
(1999) 8315. 
[9] C. Stampft, T. E. Derry and N. W. Makau: J. Phys.: 
Condens. Matter 22 (2010) 475005. 

